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TRPC1 and TRPC5 Form a Novel
Cation Channel in Mammalian Brain
messenger-regulated cation channels in brain is un-
known.
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to the Drosophila cation channel TRP (reviewed inChildren’s Hospital
320 Longwood Avenue Harteneck et al., 2000). TRPCs are candidates for Ca21
entry channels in brain since they are highly expressedDepartment of Neurobiology
Harvard Medical School in the nervous system, form Ca21-permeable channels
in vitro, and are activated by agonists that induce intra-Boston, Massachusetts 02115
cellular Ca21 release (Wes et al., 1995; Zhu et al., 1995;
Philipp et al., 1996; Zhu et al., 1996; Boulay et al., 1997;
Zitt et al., 1997; Okada et al., 1998; Philipp et al., 1998;
Summary
Liman et al., 1999; Okada et al., 1999; Vannier et al.,
1999). However, no endogenous cation current has been
TRP proteins are cation channels responding to recep-
unequivocally assigned to any of the currents induced
tor-dependent activation of phospholipase C. Mam-
by overexpression of TRPC1–7 homomers.
malian (TRPC) channels can form hetero-oligomeric
Formation of heteromeric TRPC channel complexes
channels in vitro, but native TRPC channel complexes
may account for many of the differences between native
have not been identified to date. We demonstrate here
cation channels and channels expressed in vitro that
that TRPC1 and TRPC5 are subunits of a heteromeric
presumably form TRPC homomers. TRP and the Dro-
neuronal channel. Both TRPC proteins have overlap-
sophila homologs, TRPL and TRPg, have all been pro-
ping distributions in the hippocampus. Coexpression
posed to be involved in the light-induced, PLC-depen-
of TRPC1 and TRPC5 in HEK293 cells resulted in a
dent cation conductance in the compound eye (Hardie
novel nonselective cation channel with a voltage de-
and Minke, 1992; Niemeyer et al., 1996; Xu et al., 2000).
pendence similar to NMDA receptor channels, but un-
Based on electrophysiological studies of wild-type and
like that of any reported TRPC channel. TRPC1/TRPC5
mutant flies, it has been suggested that the light-
heteromers were activated by Gq-coupled receptors induced conductance (LIC) consists of homomeric TRP
but not by depletion of intracellular Ca21 stores. In
and homomeric TRPL channels (Reuss et al., 1997). Re-
contrast to the more common view of the TRP family
cently, Xu et al. (2000) provided evidence for a more
as comprising store-operated channels, we propose
complex LIC composition of TRP homomultimers as well
that many TRPC heteromers form diverse receptor-
as TRP/TRPL and TRPL/TRPg heteromultimers.
regulated nonselective cation channels in the mam-
Our knowledge of the subunit composition and func-
malian brain.
tion of mammalian TRP homologs is even more limited.
Many cell types express multiple TRPC homologs (Berg
et al., 1997; Chang et al., 1997; Garcia and Schilling,Introduction
1997), but whether they assemble into heteromeric
channels is unknown. The ability of TRPC homologs toActivation of phospholipase C (PLC) via G protein–
coupled or tyrosine kinase receptors initiates the release coassemble has been established by studies demon-
strating that heterologously expressed TRPC1 andof Ca21 from intracellular stores and subsequent Ca21
entry through cation-selective channels in the plasma TRPC3 can be coimmunoprecipitated (Xu et al., 1997).
Moreover, TRPC1 and TRPC3 coexpression resulted inmembrane. The most thoroughly studied example of this
behavior is in the Drosophila visual system, where a a diacylglycerol (DAG)-sensitive cation current distinct
from currents produced by separate subunits (Lint-G protein–coupled receptor (rhodopsin) activates eye-
specific PLCb (norpA), in turn activating TRP channels schinger et al., 2000). TRPC3 has also been proposed
(Hardie and Minke, 1993; Zuker, 1996; Montell, 1999). to be a component of a BDNF-activated cation channel
In neuronal cells, this mode of Ca21 entry is activated in pontine neurons (Li et al., 1999). However, the BDNF-
by many PLC-linked neurotransmitters, hormones, and activated channels displayed a significantly smaller (27
growth factors, such as acetylcholine and brain-derived versus 60 pS) single-channel conductance and a signifi-
neurotrophic factor (BDNF). The diverse array of cation cantly longer mean open time (z10-fold) than recombi-
channels activated by these agonists have been impli- nant TRPC3 homomers. This suggests that TRPC3 may
cated in aspects of neuronal function, such as the shap- interact with other channel subunits in neuronal cells.
ing of action potentials, synaptic transmission, and sen- The activation mechanism of mammalian TRPC chan-
sory transduction (Linden et al., 1994; Partridge et al., nels is controversial and has been studied almost exclu-
1994; Haj-Dahmane and Andrade, 1996; Congar et al., sively in cell lines using expressed channel subunits.
1997; Caterina and Julius, 1999). Yet, despite their func- Depletion of intracellular Ca21 stores has been proposed
tional importance, the molecular identity of most second to activate several TRPC channels (Zhu et al., 1995;
Philipp et al., 1996; Zitt et al., 1996; Groschner et al.,
1998; Philipp et al., 1998; Vannier et al., 1999), based* To whom correspondence should be addressed (e-mail: clapham@
rascal.med.harvard.edu). on the suggestion that the TRP current may be store
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activated in Drosophila (Hardie and Minke, 1992; Vaca tated in vitro translated TRPC5 (data not shown), but
the two TRPC1 antibodies coimmunoprecipitatedet al., 1994; Petersen et al., 1995; Gillo et al., 1996; Arnon
et al., 1997a, 1997b; Xu et al., 1997). TRPC homologs TRPC5 that was recognized in the immunoprecipitates
by the two TRPC5 antibodies. An unrelated antibodyhave been proposed to be gated by a direct interaction
with inositol 1,4,5-trisphosphate (IP3) receptors, ryano- against the K1 channel Kir6.2 did not immunoprecipitate
TRPC5 (Figure 1B). The specificity of the TRPC1–TRPC5dine receptors, diacylglycerol, and an unknown PLC-
dependent signaling pathway (Kiselyov et al., 1998; Okada interaction was further confirmed by showing that TRP1-
C2 did not immunoprecipitate the a-subunit of L-typeet al., 1998; Hofmann et al., 1999; Okada et al., 1999;
Kiselyov et al., 2000; Schaefer et al., 2000). However, Ca21 channels (data not shown). In separate experi-
ments, we also demonstrated that TRP1-C2 antibodystudies of Drosophila mutants lacking its only IP3 recep-
tor indicate that TRP activation is independent of store did not directly immunoprecipitate TRPC5 expressed in
HEK293-M1 cells (see Figure 5D). Finally, TRPC1 anddepletion (Acharya et al., 1997; Raghu et al., 2000). It
has been suggested recently that polyunsaturated fatty TRPC5 were also coimmunoprecipitated from mouse
brain preparations (data not shown). Thus, TRPC1 andacids mediate activation of the LIC in Drosophila (Chyb
et al., 1999). Thus, there is currently a significant dispar- TRPC5 coassemble in brain, representing the first heter-
omeric TRPC channel complex identified in vivo.ity in the models proposed for the regulation of putative
TRPC channels.
In this study, we identify a heteromeric channel con- Distribution of TRPC1 in Rat Brain and Subcellular
sisting of at least two TRPC subunits, TRPC1 and Localization in Hippocampal Neurons
TRPC5, in mammalian brain. Coexpression of TRPC1 The oligomerization of TRPC1 and TRPC5 implies that
and TRPC5 in HEK293 cells formed a novel nonselective these channel subunits are expressed in the same cells.
cation conductance that was activated by Gq-coupled We defined the brain areas that contained TRPC1 chan-
receptors independent of Ca21 store depletion. The bio- nels by immunostaining rat brain slices. TRP1-C2 anti-
physical properties of recombinant TRPC1/TRPC5 were body specifically stained the hippocampus, cells in the
strikingly different from any reported homomeric TRPC amygdala, and the Purkinje cell layer of the cerebellum
channel. Hetero-oligomerization of TRPC subunits con- (Figure 2). Under higher magnification, a marked staining
tributes to the functional diversity of native cation con- of single neurons was also observed in the cortex and
ductances that we propose constitute a receptor-oper- striatum (data not shown). Within the hippocampus,
ated class of channels. prominent expression of TRPC1 was detected in CA1–
CA3 pyramidal cells and granule cells of the dentate
gyrus (Figure 2A). Our TRPC5 antibodies were inade-Results
quate for immunohistochemistry, but TRPC5 was pre-
viously localized to the hippocampus by in situ hybrid-Identification of TRPC1 and TRPC5 Complexes
ization (Philipp et al., 1998). Taking these findings intoin Mammalian Brain
consideration, we hypothesize that TRPC1/TRPC5 het-We raised peptide antibodies against unique regions of
eromers are present in hippocampus.the TRPC homologs hTRPC1 and mTRPC5. Antibodies
To analyze the subcellular localization of TRPC1 inTRP1-C1 and TRP1-C2 specifically recognized a recom-
greater detail, we performed confocal immunofluores-binant 87 kDa hTRPC1 protein expressed in HEK293
cence microscopy of hippocampal neurons in primarycells as well as endogenous TRPC1 in rat brain (Figure
cultures. Double labeling of cultures with TRP1-C2 and1A). In HEK293-M1 cells transfected with TRPC5 cDNA,
axonal or dendritic marker antibodies demonstrated theTRP5-C1 and TRP5-C2 antibodies detected a 106 kDa
expression of TRPC1 in the cell bodies, dendrites, andprotein that was not present in control cells (Figure 1A).
axons of neurons (Figure 3). Note that a clear localizationFurthermore, Western blots of HEK293-M1 cell mem-
of TRPC1 in neuronal processes was also observed onbranes expressing a TRPC5-eGFP fusion protein probed
sagittal brain sections in the hippocampal CA3 area (Fig-with both TRPC5 antibodies and a polyclonal eGFP anti-
ure 3). Often a punctate TRPC1 staining pattern wasbody (Clontech, Palo Alto, CA) revealed an z130 kDa
observed along axons similar to the distribution of phos-fusion protein (data not shown). We concluded that the
phorylated neurotubulin-associated proteins (Figure 3).protein with apparent molecular mass of 106 kDa was
This punctate distribution may represent expression ofTRPC5. The differences in predicted (91 kDa for TRPC1
TRPC1 in specific functional domains, or it may reflectand 116 kDa for TRPC5) and antibody-recognized mo-
transporting particles containing TRPC1 (Burack et al.,lecular masses (87 kDa and 106 kDa, respectively) were
2000; Kaether et al., 2000). We did not observe TRPC1the result of the aberrant mobilities of TRPC1 and TRPC5
in synapse-like structures when cultures were doublein SDS electrophoresis.
stained with TRP1-C2 antibody and antibodies againstWe were unable to detect TRPC5 in brain microsomes
the synaptic marker protein synaptophysin (Figure 4).by Western blot with either the TRP5-C1 or TRP5-C2
antibody. However, after immunoprecipitation with
TRP5-C2, a single 106 kDa protein corresponding to Heterologous Expression of TRPC1 and TRPC5
Creates a Novel Cation ChannelTRPC5 was recognized by both TRPC5 antibodies in
immunoprecipitates (Figure 1B). When microsomal pro- Since TRPC1 and TRPC5 coassemble in neurons, we
set out to characterize the functional properties of theteins from rat brain were immunoprecipitated with
TRPC1 antibodies, TRPC5 coimmunoprecipitated with heteromeric TRPC1/TRPC5 channels. The muscarinic
type 1 receptor (M1) couples to the heterotrimeric GqTRPC1 (Figure 1B). Coimmunoprecipitation was spe-
cific. Neither of two TRPC1 antibodies immunoprecipi- protein, which in turn is tightly linked to phospholipase
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Figure 1. TRPC1 and TRPC5 Form Hetero-
mers in Rat Brain Cells
(A) (Left) Western blots of mock- (lane 1) or
TRPC1-transfected (lane 2) HEK293 cell mi-
crosomes and rat brain microsomes (lane 3)
were probed with TRP1-C1 and TRP1-C2.
Both antibodies recognized a protein with an
apparent molecular mass of 87 kDa. Lower
molecular mass proteins are probably TRPC1
proteolytic fragments. In rat brain mem-
branes the native TRPC1 is unstable and a
single freezing-thaw cycle resulted in signifi-
cant fragmentation of the 87 kDa protein.
(Right) Western blots of mock- (lane 1) or
TRPC5-transfected (lane 2) HEK293-M1 cell
microsomes with antibodies TRP5-C1 and
TRP5-C2. Both antibodies specifically recog-
nized the recombinant 106 kDa TRPC5 pro-
tein. TRP5-C2 antibody also recognized an
endogenous z75 kDa protein.
(B) In rat brain microsomes TRP5-C1 (left) and
TRP5-C2 (right) recognized endogenous
TRPC5 after immunoprecipitation with TRP5-
C2 (lane 1). Both TRPC5 antibodies revealed
TRPC5 in immunoprecipitates of solubilized
rat brain microsomal proteins immunoprecipitated with anti-TRP1 antibodies (lane 2 and 3), indicating that TRPC1 and TRPC5 are components
of the same molecular complex. An unrelated antibody (aKir6.2) did not immunoprecipitate TRPC1/TRPC5 complexes (lane 4). The staining
of z56 kDa proteins was due to binding of secondary antibody to immunoglobulins.
Cb enzyme activation (Ashkenazi et al., 1989). HEK293 (eGFP)-transfected cells. Thus, under our conditions,
putative TRPC1 channels did not carry significant cur-cells stably expressing M1 receptors (Peralta et al.,
1988) were transfected with TRPC1, TRPC5, or TRPC1 rents. In contrast, and as reported previously (Okada et
al., 1998), TRPC5 (alone)-transfected HEK293-M1 cellsplus TRPC5 cDNAs. The HEK293-M1 cells were stimu-
lated with the acetylcholine analog, carbachol, and the gave rise to a carbachol-stimulated inwardly rectifying
current. However, in cells coexpressing TRPC1 andwhole-cell currents measured using patch-clamp tech-
niques. TRPC5, a novel outwardly rectifying current was re-
corded. After establishing the whole-cell configuration,The mean peak current densities of spontaneous and
carbachol-induced whole-cell currents in TRPC1 (alone)- a spontaneous current developed within 5–10 s in cells
cotransfected with TRPC1 and TRPC5 cDNAs (Figureexpressing cells were 0.34 6 0.06 pA/pF (n 5 24) and
0.17 6 0.08 pA/pF (n 5 24) at 270 mV, respectively. The 5). The current-voltage (I-V) relation of currents through
the putative TRPC1/TRPC5 heteromer was clearly dis-net current was not significantly different from sponta-
neous (0.23 6 0.03 pA/pF, n 5 25) and carbachol- tinct from the inwardly rectifying I-V relation of the
TRPC5 homomers. This current was significantly in-induced currents (0.22 6 0.04 pA/pF, n 5 25) in mock
Figure 2. Localization of TRPC1 in Rat Brain
Brain slices from 6-week-old rats were
stained with TRP1-C2 antibody and a sec-
ondary peroxidase-coupled antibody. TRPC1
was highly expressed in all layers of the hip-
pocampus (hpc) and the amygdala (amg) (A).
Prominent staining was also observed in the
Purkinje cell layer of the cerebellum (cere) (B).
The boxed areas are shown at higher power
on the right. The inset illustrates the distribu-
tion of TRPC1 along neuronal cell bodies and
processes in a sagittal section of the hippo-
campal CA3 region.
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Figure 3. TRPC1 Is Localized in Soma, Den-
drites, and Axons of Rat Hippocampal Neu-
rons in Primary Culture
Low-density cultures of hippocampal neu-
rons were double labeled with TRP1-C2 anti-
body and an axonal-specific monoclonal anti-
body mix (top panels) or TRP1-C2 and
antibody against the dendritic marker MAP2
(lower panels). Overlay of the fluorescence
images (right panels) demonstrated colocali-
zation (in yellow) of TRPC1 with both axonal
and dendritic markers. TRP1-C2 also de-
tected TRPC1 in neuronal cell bodies. The
staining of hippocampal neurons with TRP1-
C2 antibody was specifically blocked by pre-
incubation of the antibody with the antigenic
peptide (data not shown). Immunocytochem-
istry did not reveal significant amounts of
TRPC1 in glial cells.
duced by the application of carbachol as well as by under bi-ionic conditions. Therefore, PNa/PCa was esti-
mated by measuring shifts in Erev upon changing from athe purinergic receptor agonist ATP (100 mM, data not
shown). The mean peak current densities of spontane- Ca21-free (BNa) to a 10 mM Ca21-containing extracellular
buffer (B10Ca). Assuming activity coefficients of 0.75ous (2.1 6 0.36 pA/pF; n 5 40) and carbachol-induced
(6.6 6 1.0 pA/pF; n 5 40) TRPC1/TRPC5 currents at and 0.3 for monovalent and divalent cations, respec-
tively (Benham and Tsien, 1987), the observed shift of270 mV were significantly higher than in controls (p ,
0.001, Mann-Whitney rank sum test). Replacement of 22.4 mV (n 5 8) corresponds to a PNa/PCa of z0.95,
demonstrating that TRPC1/TRPC5 is a nonselective cat-all other extracellular cations by N-methyl-D-glucamine
(NMDG) completely abolished the inward current, indi- ion channel roughly equally permeable to Ca21 and mono-
valent ions.cating that the current was carried by cations (Figure
5B). Consistent with this observation, reduction of the A unique property of TRPC4 and TRPC5 currents is
that they increase in magnitude upon application of La31,extracellular Cl2 concentration to 10 mM had no effect
on the TRPC1/TRPC5 current (data not shown). These a known cation channel blocker (Schaefer et al., 2000).
In agreement with these results, TRPC5 whole-cell cur-data indicate that TRPC1 and TRPC5 coexpression pro-
duces functional heteromultimeric channels. The coas- rents were augmented by application of 100 mM La31
(Figure 5C, inset). When TRPC1 and TRPC5 were coex-sembly of TRPC1 and TRPC5 in our expression system
was confirmed by immunoprecipitation of TRPC1/ pressed, the currents through heteromeric TRPC1/
TRPC5 were significantly increased as well (Figure 5C),TRPC5 complexes from HEK293-M1 cells. TRPC1/
TRPC5 heteromers were only detected in cells cotrans- supporting the hypothesis that TRPC5 is an integral part
of the channel complex.fected with both channel cDNAs, but not in cells ex-
pressing TRPC1 or TRPC5 alone (Figure 5D). Since TRPC5 and TRPC4 share highly conserved N-ter-
minal and transmembrane regions, we tested whetherTo determine the relative permeabilities of TRPC1/
TRPC5 for Na1 and Cs1 (PNa/PCs), the extracellular Na1 TRPC4 interacts with TRPC1. TRPC1 and TRPC4 coex-
pression indeed generated whole-cell currents indistin-solution (BNa) was exchanged for a Cs1 solution (BCs)
in the presence of carbachol. From the slight shift in guishable from currents through TRPC1/TRPC5 hetero-
mers in 7 out of 7 cells tested (Figure 6A). Moreover,reversal potential (Erev) of 23.7 mV (n 5 7), PNa/PCs was
calculated as 1.15. Due to the very small inward currents TRPC4 immunoprecipitated with TRPC1 from rat brain
(Figure 6B), indicating that different TRPC heteromersin solutions with Ca21 as the only permeant cation, we
were unable to determine the relative Ca21 permeability exist in vivo.
Figure 4. Extrasynaptic Localization of TRPC1
in Hippocampal Neurons
Hippocampal neurons were double labeled
with TRP1-C2 antibody and antibodies
against the synaptic vesicle protein synapto-
physin. Overlay of the fluorescence images
indicated that TRPC1 is localized primarily
outside of synaptic boutons.
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Figure 5. Functional Characterization of TRPC1/TRPC5 Whole-Cell Currents
(A) Representative whole-cells currents in HEK293-M1 cells transfected with either TRPC1 or TRPC5 cDNA alone or cotransfected with TRPC1
and TRPC5 cDNA. Currents were recorded before (con) and after application of 20 mM carbachol (carb). Whole-cell currents in TRPC1
expressing cells were indistinguishable from currents in mock (eGFP)-transfected cells.
(B) The time course of currents via putative TRPC1/TRPC5 heteromultimers was measured at 270 mV. Application of carbachol (20 mM) and
replacement of extracellular cations by NMDG are indicated by the bars. Voltage ramps (1 mV/ms) from 2100 to 160 mV were applied at
3.3 s intervals. Numbers denote the ramps shown at higher time resolution.
(C) TRPC1/TRPC5 whole-cell currents were recorded as in (B). Bars indicate application of 20 mM carbachol, carbachol plus 100 mM La31,
and NMDG. Expanded ramps demonstrate that La31 caused an increase in whole-cell current without apparent changes in the shape of the
current-voltage relation. The inset shows whole-cell currents in a TRPC5-expressing cell recorded during voltage ramps before (con) and
after the application of 20 mM carbachol (carb), as well as after application of carbachol plus 100 mM La 31. La31 augmented TRPC5 currents
without significant changes in the I-V relation.
(D) Recombinant TRPC1 and TRPC5 form a complex when coexpressed in HEK293-M1 cells. HEK293-M1 cells were transfected with TRPC5,
TRPC1, or both cDNAs. Microsomal proteins were immunoprecipitated (IP) with TRP1-C2 or TRP5-C2 antibody. The immunoprecipitates were
Western blotted (WB) and probed with TRP5-C2 antibody. TRP1-C2 antibody coimmunoprecipitated TRPC5 only from cells coexpressing
TRPC1 and TRPC5 (lane 4). The TRP1-C2 antibody did not immunoprecipitate TRPC5 alone (lane 2) nor any endogenous protein recognized
by TRP5-C2 antibody (lane 3).
TRPC1/TRPC5 currents exhibited significantly lower such single channels were observed at 160 mV in mock-
(n 5 16) or TRPC1-transfected cells (n 5 11). TRPC1/noise than did TRPC5 alone (Figure 5A), suggesting that
heteromerization of the two subunits created a channel TRPC5 single-channel activity persisted at 160 mV
when 100 mM La31 was included in the patch pipettewith significantly altered permeation properties. This
finding was substantiated in cell-attached single-chan- (n 5 5) without an apparent change in single-channel
amplitude.nel recordings of TRPC5 and TRPC1/TRPC5 expressing
HEK293-M1 cells. Whereas the slope conductance of Carbachol applied to the bath increased channel ac-
tivity of TRPC1/TRPC5 in cell-attached patches by anTRPC5 homomers was 38 pS, TRPC1/TRPC5 hetero-
mers displayed an z8-fold smaller conductance (5 pS; average of 8- 6 2.2-fold (expressed as NPo; n 5 11;
Figure 7C). In cells expressing TRPC5 homomers, weFigure 7). The 5 pS channel was detected in 34 out of
38 cells transfected with TRPC1 and TRPC5 cDNA. No observed a comparable increase (12.5- 6 3.8-fold, n 5
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Figure 6. Detection and Functional Proper-
ties of TRPC1/TRPC4 Heteromers
(A) Representative whole-cells currents in
HEK293-M1 cells transfected with either
TRPC4 cDNA alone or cotransfected with
TRPC1 and TRPC4 cDNA. Currents were re-
corded before (con) and after application of
20 mM carbachol (carb).
(B) Microsomes from HEK293-M1 cells ex-
pressing recombinant TRPC5 (lane1) or rat
brain microsomes (lane 2 and 3) were immu-
noprecipitated with TRP5-2, TRP1-C2, or
control (Kir6.2) antibodies, respectively. The
immunoprecipitates were Western blotted
(WB) and probed for TRPC4 with antibody
T4nAB (Tang et al., 2000). T4nAB did not
cross-react with recombinant TRPC5 but rec-
ognized a z110 kDa protein, consistent with
the molecular mass of TRPC4a, in TRP1-C2
immunoprecipitates.
5), indicating that both channel types respond similarly the pipette solution confirmed that under these condi-
tions Ca21 stores were efficiently depleted within 3 minto receptor stimulation. Since the agonist was applied
outside of the patch, this result also suggested that of whole-cell recording. No carbachol-induced [Ca21]i
increase over baseline fluorescence ratio (R) was seenchannel activation involved a diffusible messenger.
in 7 out of 7 cells (DR/R0 # 2%) perfused with 70 nM Ca21
and IP3. In contrast, cells perfused with the standardTRPC1/TRPC5 Activation Is Independent
of Ca21 Store Depletion intracellular solution responded to carbachol with an
increase (DR/R0) of 10.8% 6 3.1% (n 5 7).In some reports, TRPC1 and TRPC5 homomers have
been described as store-operated channels (SOCs) (Zhu Inclusion of IP3 had no effect on TRPC1/TRPC5 cur-
rents despite the fact that all cells responded to subse-et al., 1996; Zitt et al., 1996; Philipp et al., 1998; Liu et
al., 2000). However, in other studies, TRPC5 was acti- quent application of carbachol (Figure 8B). Additional
application of thapsigargin in the presence of intracellu-vated in a PLC-dependent manner, independent of store
depletion (Okada et al., 1998; Schaefer et al., 2000). In lar IP3 was also ineffective in activating TRPC1/TRPC5
heteromers (Figure 8C). Thus, TRPC1/TRPC5 hetero-our hands, store depletion by 100 mM IP3 ([Ca21]i buf-
fered to 70 nM, see below) did not significantly increase meric channels were not store operated under our con-
ditions.TRPC5 currents in HEK293-M1 cells responding to sub-
sequent application of carbachol (n 5 9). To determine
whether TRPC1/TRPC5 heteromers function as SOCs, Discussion
we tested the effect of Ca21 store depletion on TRPC1/
TRPC5 whole-cell currents. When intracellular Ca21 was In this paper we have shown that the TRPC1 and TRPC5
channels, members of the family of mammalian shortbuffered to a low concentration to passively deplete
Ca21 stores, spontaneous and carbachol-induced TRPC channel subunits (Harteneck et al., 2000), com-
bine to form a functional nonselective cation channelTRPC1/TRPC5 currents were significantly decreased
(Figure 8A). The same dependence on intracellular Ca21 gated by Gq-coupled receptors but not by Ca21 store
depletion. The TRPC1/TRPC5 is a presumed tetramerhas been described for TRPC5 (Okada et al., 1998), while
the previously described activation of TRPC1 required by analogy to other ion channels, but its exact stoichi-
ometry is not known. The heteromultimer exhibits a volt-high intracellular Ca21 buffering (Zitt et al., 1996). Be-
cause removal of intracellular Ca21 inhibited TRPC1/ age dependence similar to that of NMDA receptor chan-
nels; the current conducts a small amount of inwardTRPC5, we introduced 100 mM IP3 into the intracellular
solution ([Ca21]i buffered to 70 nM) to empty Ca21 stores current at negative membrane potentials but rectifies
steeply in the outward direction at positive voltages. We(Parekh et al., 1997). Control experiments with fura 2 in
A TRPC Channel Complex in Brain
651
Figure 7. Identification and Characterization
of TRPC1/TRPC5 Single-Channel Currents
(A) Cell-attached single-channel recordings
from HEK293-M1 cells transfected with
TRPC5 cDNA (left) or cotransfected with
TRPC1 and TRPC5 cDNAs (right). Consecu-
tive traces measured at a holding potential
of 160 mV are shown. Carbachol (20 mM) was
included in the pipette solution. The closed
state is indicated by “c”.
(B) I-V relationship of TRPC5 and TRPC1/
TRPC5 single channels. Current amplitudes
were recorded in cell-attached mode and
plotted versus the holding potential. Each
data point represents the mean 6 SEM from 5
to 6 experiments. The dashed line represents
the best linear fit of the data points.
(C) Activation of single TRPC1/TRPC5 chan-
nels by carbachol. The top panels illustrate a
continuous cell-attached recording at 160
mV from a HEK293-M1 cell coexpressing
TRPC1 and TRPC5 and the respective plot of
channel open probability (NPo). After applica-
tion of carbachol (20 mM) to the bath solution,
channel activity (expressed as NPo) increased
about 11-fold. The lower traces show parts
of the experiment on an expanded time scale.
also identified a second TRPC heteromultimer in brain studies of the whole-cell and single-channel features of
the neuronal cation channels will be needed to definitelyformed by association of TRPC1 and TRPC4. Thus,
coassembly from different subunits might be a common clarify their relation to TRPC1/TRPC5.
We did not observe currents though the presumedphenomenon for many native TRPC channels.
Does the TRPC1/TRPC5 current we observed in the TRPC1 homomer in physiological bath solution. Others
have reported linear nonselective TRPC1 cation currentsexpression system correspond to currents measured in
brain? We have found that TRPC1 is expressed in many blocked by extracellular Ca21 (Zitt et al., 1996; Lint-
schinger et al., 2000), but no receptor-activated currentsbrain regions, including hippocampus and cortex, while
TRPC5 is evidently present in hippocampus (Philipp et through TRPC1 homomers have been described. When
coassembled with TRPC5 or TRPC4, TRPC1 clearly par-al., 1998). Congar et al. (1997) reported a nonselective
cation current in hippocampal CA1 pyramidal cells acti- ticipated in the generation of receptor-activated current.
Therefore, it is possible that TRPC1 requires the addi-vated via group 1 metabotropic glutamate receptors
and muscarinic acetylcholine receptors resembling the tional TRPC subunit to contribute to receptor-depen-
dent Ca21 influx in vivo. The biophysical properties ofoutward rectification and intracellular Ca21 dependence
of TRPC1/TRPC5. Nonselective cation currents with a recombinant TRPC1/TRPC5 channels were also surpris-
ingly different from those of TRPC5. Whereas homo-similar I-V relation have also been described in cortex
(Alzheimer, 1994; Haj-Dahmane and Andrade, 1996; Haj- meric TRPC5 was inwardly rectifying and had a conduc-
tance of 38 pS in our hands, TRPC1/TRPC5 wasDahmane and Andrade, 1999). TRPC5 localization has
not been reported in cortex, but its close homolog outwardly rectifying and displayed an 8-fold smaller
conductance. The single-channel conductance and rec-TRPC4 is found in the cortex (Mori et al., 1998). Since
TRPC1/TRPC5 and TRPC1/TRPC4 gave rise to identical tification properties of the TRPC5 homomer are Mg21
dependent (Schaefer et al., 2000), which may accountwhole-cell currents in vitro, TRPC1 and TRPC4 hetero-
multimers may account for these cation channels in cor- for the different TRPC5 conductance in our cell-attached
recordings compared to the inside-out patch recordingstex. Thus, the reported electrophysiological distribution
of similar currents in hippocampus and cortex is consis- of TRPC5 in CHO cells (Schaefer et al., 2000). Moreover,
a voltage-dependent block by Mg21 is responsible fortent with the localization of TRPC1, 4, and 5. Further
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shaping the I-V relation of NMDA receptor channels that
closely resembles the voltage dependence of the
TRPC1/TRPC5 channel. But, in preliminary experiments,
the whole-cell I-V curve of the TRPC1/TRPC5 current
was not changed upon removal of intra- and extracellu-
lar Mg21, indicating that the rectification mechanisms in
TRPC1/TRPC5 may be different from TRPC5 homomers
and NMDA receptors. Apparently, heteromerization of
TRPCs can form channels that have unique properties
not exhibited by homomeric TRPC channels. Such a
mechanism of homo- and heteromultimeric channel for-
mation should create a diversity of nonselective cation
channels.
When activated, the TRPC1/TRPC5 channel should
enhance depolarization and Ca21 entry in neurons, but
the exact effect on neuronal function will depend on the
size and kinetic properties of the current in vivo. We
speculate that the channel is gated in neurons by Gq-
coupled receptors such as the muscarinic type 1 recep-
tor or group 1 metabotropic glutamate receptors.
TRPC1/TRPC5 activation should enhance the Ca21 re-
lease resulting from Gq activation of phospholipase Cb,
generation of IP3, and IP3-gated release of Ca21 from
the endoplasmic reticulum. In regions lacking such IP3
channels, the Ca21 entry may trigger Ca21-induced Ca21
release from ryanodine receptors.
Many neurotransmitters are multifunctional and acti-
vate both ligand-gated channels as well as G protein–
linked receptors. Given the large role that ligand-gated
channels play in brain (Unwin, 1993; Wisden and See-
burg, 1993; Michaelis, 1998; Jackson, 1999; Cordero-
Erausquin et al., 2000), it will be important to identify
the TRPC1/TRPC5 current in situ and examine its contri-
bution to Ca21 signaling. As seen in our immunocyto-
chemical sections, TRPC1 was expressed predomi-
nantly in neurons rather than glia. An important finding
of this study is the apparent lack of its localization to
synapses, making the channel uniquely different in dis-
tribution from most ligand-gated channels, (e.g., gluta-
mate and nicotinic acetylcholine receptors; Ottersen etFigure 8. Heteromeric TRPC1/TRPC5 Channels Are Regulated by
al., 1997; Craig, 1998; Temburni et al., 2000). Some neu-Intracellular Ca21 but Not by Store Depletion
rotransmitters such as serotonin and dopamine have(A) Comparison of spontaneous (gray bars) and carbachol-induced
recently been proposed to activate their Gq-linked re-(open bars) whole-cell currents in TRPC1/TRPC5 expressing
HEK293-M1 cells. Currents were normalized by cell size and ex- ceptors at extrasynaptic sites (Bunin and Wightman,
pressed as mean current densities 6 SEM. Elevation of intracellular 1999). Hence, TRPC1-containing channel complexes
Ca21 induced a significant increase in both spontaneous and carba- may modulate neuronal excitability independent of re-
chol-induced TRPC1/TRPC5 current. modeling processes at the synapse.
(B) Store depletion by IP3 did not activate TRPC1/TRPC5 channels. We found no indication for store depletion–dependentTRPC1/TRPC5 expressing HEK293-M1 cells were perfused through
activation of TRPC1/TRPC5 channels. Much evidencethe patch pipette with control solution (con) or solution containing
has been presented that TRPC family channels are acti-100 mM IP3. Whole-cell current densities, shown as mean 6 SEM,
were measured 1.5–2.5 min after establishing the whole-cell config- vated upon depletion of Ca21 stores (Wes et al., 1995;
uration. There was no significant difference in current density be- Philipp et al., 1996; Zhu et al., 1996; Zitt et al., 1996;
tween cells perfused with or without IP3. In these experiments, the Preuss et al., 1997; Groschner et al., 1998; Kiselyov et
intracellular Ca21 concentration was buffered to 70 nM in order to al., 1998; Philipp et al., 1998; Mizuno et al., 1999; Vannier
ensure optimal activation of IP3 receptors. et al., 1999; Liu et al., 2000; Philipp et al., 2000), but this(C) Inhibition of Ca2+ store refilling by thapsigargin had no effect on
interpretation is not universally accepted. AlternativeTRPC1/TRPC5 currents. The current time course was recorded in
hypothesis for TRPC channel family gating include acti-whole-cell mode at 270 mV from a HEK293-M1 cell transfected with
TRPC1 and TRPC5 cDNAs. The pipette solution contained 100 mM vation by DAG or unidentified components in the PLC
IP3. During the time indicated, 1 mM thapsigargin (Tg) was added pathway (Okada et al., 1998; Hofmann et al., 1999; Okada
to the extracellular buffer. Application of carbachol (20 mM) in the et al., 1999; Schaefer et al., 2000). In line with a critical
presence of Tg induced an inward cation current at 270 mV, demon- role of PLCs for TRPC1/TRPC5 activation, we found that
strating functional expression of TRPC1/TRPC5 channels. Similar
PLCb1 coimmunoprecipitated with TRPC1 as well asresults were obtained in four experiments.
TRPC5 from rat brain.
We did not find evidence for store depletion–depen-
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Primary cultures of hippocampal neurons were prepared fromdent activation of the channel in numerous experiments
2-day-old neonatal rats as described (Medina et al., 1996). The cul-using a variety of techniques including, but not limited
tured cells were used for immunofluorescence analysis after 16–20to, use of intracellular buffers in combination with IP3 days in culture. Cells were fixed in 4% formaldehyde and 4% sucrose
and/or thapsigargin. Nonetheless, we have not deline- for 15 min, fixed in methanol for 10 min, and permeabilized in 0.2%
ated an explicit gating mechanism for TRPC1/TRPC5. Triton X-100. Axon-specific antibodies SMI 312 (pan-axonal neuro-
filament marker) and the monoclonal MAP2 (SMI 52) antibody (den-Activation of TRPC1/TRPC5 required elevation of intra-
drite marker) were purchased from Sternberger Monoclonals (Lu-cellular Ca21 and a diffusible messenger, but not IP3
therville, MD). The monoclonal antibody against synaptophysin wasalone. We hypothesize that the gating mechanism in-
from Sigma (St. Louis, MO) while labeled secondary antibodies werevolves a component downstream from PLCb or PLCg
from Pierce. Immunofluorescent images were obtained through a
and anticipate that novel signal transduction elements Zeiss LSM 410 confocal microscope. Rat brain slices (50 mm thick)
are involved in the gating process. were prepared from 6-week-old rats as described (Drake et al., 1997)
and immunochemically labeled with TRP1-C2 antibody using an
immunoperoxidase labeling kit according to the manufacturer’s pro-Experimental Procedures
tocol (Pierce).
Cell Culture, Cloning, and Transfection
HEK293-M1 cells, a human embryonic kidney cell line stably ex-
Electrophysiology and Fluorescence Measurementspressing the muscarinic M1 receptor (Peralta et al., 1988), or wild-
Whole-cell and single-channel currents (Hamill et al., 1981) weretype HEK293 cells were used throughout this study. Cells were
recorded from eGFP-positive cells at room temperature with angrown at 378C in DMEM/F12 (1:1) medium supplemented with 10%
Axopatch 200A patch-clamp amplifier and pClamp 8 software (Axonfetal calf serum, 2 mM glutamine, 100 U/ml penicillin, 100 mg/ml
Instruments, Foster City, CA). Patch pipettes with resistances ofstreptomycin, and HT supplement (1:100) (GIBCO–BRL, Gaithers-
2–5 MV in standard extracellular buffer were made from borosilicateburg, MD) under 5% CO2 atmosphere. G418 (0.5 mg/ml) was added
glass. Whole-cell holding currents were sampled at 220 Hz atto the HEK293-M1 growth medium. Cells were transfected using
270 mV. Currents during voltage ramps and single-channel currentsLipofectamine 2000 (GIBCO–BRL) according to the manufacturer’s
were sampled at 6.6 and 5 kHz. All recordings were filtered at 1 kHz.instructions. 1.5 mg of each hTRPC1 (accession number U31110,
Data were analyzed with the pClamp software and SigmaPlot/Sig-unspliced), mTRPC5 (AF029983), or mTRPC4 (U50922) cDNA were
maStat (SPSS, Chicago, IL). Averages were expressed as mean 6cotransfected with 0.4 mg eGFP (pGreenLantern, GIBCO–BRL) per
SEM. Data groups were compared with the Mann-Whitney rank sum35 mm dish for patch clamp experiments. MTRPC4 cDNA was ampli-
test or Student’s t test when appropriate; p , 0.05 was consideredfied from total mouse brain RNA essentially as described (Schaefer
significant.et al., 2000) and cloned into pcDNA3 (Invitrogen, Carlsbad, CA).
The permeability ratio for Na1 and Cs1 was calculated accordingThe identity of the insert was verified by sequencing. For transient
to the Goldman-Hodgkin-Katz voltage equation (Hille, 1992). Theexpression of TRPC1 or TRPC5, only the respective channel cDNA
Ca21/Na1 permeability ratio was estimated using standard formulaswas supplemented with 1.5 mg empty vector (pcDNA3) and eGFP.
(Lotshaw and Sheehan, 1999; Vennekens et al., 2000). Single-chan-Control cells were transfected with empty vector and eGFP only.
nel activity was expressed as the product (NPo) of number of chan-After 12–24 hr, cells were plated onto coverslips and used for experi-
nels in the patch and the open probability measured over consecu-ments 48–72 hr after transfection.
tive 2 s intervals.
The standard external buffer contained (in mM): NaCl 140, KCl
Immunochemistry 5.4, CaCl2 2, MgCl2 1, glucose 10, HEPES 10, and pH was adjusted
Two antibodies to the human TRPC1 were generated against pep- to 7.4 with NaOH. For permeability studies, the following buffers
tides RNEIRDLLGFRTSKYAMFYPRN, amino acids 789–810 for C1 (BNa, BCs, and B10Ca) were used—BNa: NaCl 146, MgCl2 1, glucose
and MRQKMQSTDQATVENLNELRQD, amino acids 763–784 for C2 10, EGTA 1, HEPES 10, and pH adjusted to 7.4 with NaOH; BCs:
antibody. These sequences are identical in human, mouse, and rat CsCl 146, MgCl2 1, glucose 10, EGTA 1, HEPES 10, and pH adjusted
TRPC1 with the exception of one amino acid substitution in the rat to 7.4 with CsOH; B10Ca: NaCl 126, CaCl2 10, MgCl2 1, glucose 10,
C1 peptide. Antibodies to mouse TRPC5 were raised against amino HEPES 10, and pH adjusted to 7.4 with NaOH. The standard pipette
acids 763–785, NRKHPRRSLSTSSADFSQRDDTN (antibody C1), buffer contained (in mM): CsOH 120, gluconic acid 120, MgCl2 2,
and amino acids 820–837, RASGAQGKPKSESSSKRS (antibody C2). CaCl2 3, Cs4-BAPTA 5, HEPES 10, and pH adjusted to 7.3 with
Antibodies were affinity purified on columns containing immobilized gluconic acid. Free [Ca21] was calculated to be z200 nM using the
peptides. Anti-Kir6.2 was produced as described (Lorenz et al., CaBuf program (G. Droogmans, KU Leuven). The same solution
1998), and anti-Cava1C was purchased from Chemicon (Temecula, without added CaCl2 was used as “Ca21-free” ([Ca21]i , 10 nM)
CA). For immunoblotting, SDS–PAGE separated proteins were elec- intracellular solution. In studies on the effect of store depletion by
trotransferred to PVDF membrane (Millipore, Bedford, MA), probed IP3, the pipette solution contained CsOH 105, gluconic acid 120,
with appropriate anti-TRP and anti-rabbit peroxidase (Pierce, Rock- CaCl2 3.5, MgCl2 2, Cs4-BAPTA 10, HEPES 10, and pH was adjusted
ford, IL), and visualized with ECL (Amersham Pharmacia Biotech, to 7.3 with gluconic acid (free [Ca21] 5 70 nM).
Piscataway, NY). For immunoprecipitation experiments, a crude mi- For single-channel experiments, cells were kept in the standard
crosomal fraction was isolated from 6-week-old rat brain. Briefly, extracellular buffer and the pipette contained (in mM): CsCl 140,
whole brain was homogenized (Polytron, 2 3 15 s, setting 6) in 10 MgCl2 1, CaCl2 2, glucose 10, HEPES 10, and pH adjusted to 7.4
volumes of homogenization buffer (320 mM sucrose–5 mM HEPES– with CsOH.
NaOH [pH 7.5]), supplemented with protease inhibitor cocktail (PIC; To measure the release of Ca21 from internal stores 0.2 mM Cs4-
Roche Molecular Biochemicals, Indianapolis, IN). The homogenate BAPTA in the pipette solution were exchanged for 0.2 mM fura
was centrifuged at 100 g for 10 min and the supernatant at 100,000 g 2-Na4-salt. Fluorescence was excited at 380 and 340 nm and 340/
for 30 min. The pellet containing microsomes, synaptosomes, and 380 nm fluorescence ratios (R) were sampled at .510 nm with a
mitochondria was resuspended in homogenization buffer. Micro- cooled CCD camera.
somes from HEK293 and HEK293-M1 cells were isolated in the same IP3 and thapsigargin were from Calbiochem (San Diego, CA). Cs4-
manner as brain microsomes with the exception that cells were BAPTA and fura 2 were from Molecular Probes (Eugene, OR). All
disrupted by douncing in buffer without sucrose and then supple- other chemicals were purchased from Sigma.
mented with 320 mM sucrose. Membrane proteins were solubilized
in IP buffer containing 20 mM HEPES–NaOH (pH 7.5), 1% Triton
X-100, 150 mM NaCl, and PIC. Two hundred micrograms of the Acknowledgments
soluble proteins were used for immunoprecipitation with 2 mg of
the appropriate antibody and 10 mg protein A sepharose (Amersham We thank Drs. Lutz Birnbaumer, Yasuo Mori, and Mike Zhu for
TRPC1 and TRPC5 cDNAs and TRPC4 antibody. This work wasPharmacia Biotech).
Neuron
654
supported by the Howard Hughes Medical Institute (D. E. C.) and a C., Zhu, X., and Schreibmayer, W. (1998). Trp proteins form store-
operated cation channels in human vascular endothelial cells. FEBSfellowship from the Deutsche Forschungsgemeinschaft (C. S.).
Lett. 437, 101–106.
Received September 21, 2000; revised December 1, 2000. Haj-Dahmane, S., and Andrade, R. (1996). Muscarinic activation of
a voltage-dependent cation nonselective current in rat association
References cortex. J. Neurosci. 16, 3848–3861.
Haj-Dahmane, S., and Andrade, R. (1999). Muscarinic receptors reg-
Acharya, J.K., Jalink, K., Hardy, R.W., Hartenstein, V., and Zuker, ulate two different calcium-dependent non-selective cation currents
C.S. (1997). InsP3 receptor is essential for growth and differentiation in rat prefrontal cortex. Eur. J. Neurosci. 11, 1973–1980.
but not for vision in Drosophila. Neuron 18, 881–887.
Hamill, O.P., Marty, A., Neher, E., Sakmann, B., and Sigworth, F.J.
Alzheimer, C. (1994). A novel voltage-dependent cation current in (1981). Improved patch-clamp techniques for high-resolution cur-
rat neocortical neurones. J. Physiol. Lond. 479, 199–205. rent recording from cells and cell-free membrane patches. Pflugers
Arnon, A., Cook, B., Gillo, B., Montell, C., Selinger, Z., and Minke, Arch. 391, 85–100.
B. (1997a). Calmodulin regulation of light adaptation and store-oper-
Hardie, R.C., and Minke, B. (1992). The trp gene is essential for a
ated dark current in Drosophila photoreceptors. Proc. Natl. Acad.
light-activated Ca21 channel in Drosophila photoreceptors. Neuron
Sci. USA 94, 5894–5899.
8, 643–651.
Arnon, A., Cook, B., Montell, C., Selinger, Z., and Minke, B. (1997b).
Hardie, R.C., and Minke, B. (1993). Novel Ca21 channels underlyingCalmodulin regulation of calcium stores in phototransduction of
transduction in Drosophila photoreceptors: implications for phos-Drosophila. Science 275, 1119–1121.
phoinositide-mediated Ca21 mobilization. Trends Neurosci. 16,
Ashkenazi, A., Peralta, E.G., Winslow, J.W., Ramachandran, J., and 371–376.
Capon, D.J. (1989). Functional diversity of muscarinic receptor sub-
Harteneck, C., Plant, T.D., and Schultz, G. (2000). From worm to man:types in cellular signal transduction and growth. Trends Pharmacol.
three subfamilies of TRP channels. Trends Neurosci. 23, 159–166.Sci. (suppl.), 16–22.
Hille, B. (1992). Ionic Channels of Excitable Membranes, SecondBenham, C.D., and Tsien, R.W. (1987). A novel receptor-operated
Edition (Sunderland, UK: Sinauer Associates).Ca21-permeable channel activated by ATP in smooth muscle. Nature
Hofmann, T., Obukhov, A.G., Schaefer, M., Harteneck, C., Guder-328, 275–278.
mann, T., and Schultz, G. (1999). Direct activation of human TRPC6Berg, L.P., Shamsher, M.K., El-Daher, S.S., Kakkar, V.V., and Authi,
and TRPC3 channels by diacylglycerol. Nature 397, 259–263.K.S. (1997). Expression of human TRPC genes in the megakaryocytic
Jackson, M.B. (1999). Ligand-gated channel: postsynaptic recep-cell lines MEG01, DAMI and HEL. FEBS Lett. 403, 83–86.
tors and drug targets. Adv. Neurol. 79, 511–524.Boulay, G., Zhu, X., Peyton, M., Jiang, M., Hurst, R., Stefani, E., and
Birnbaumer, L. (1997). Cloning and expression of a novel mammalian Kaether, C., Skehel, P., and Dotti, C.G. (2000). Axonal membrane
proteins are transported in distinct carriers: a two-color video mi-homolog of Drosophila transient receptor potential (Trp) involved in
calcium entry secondary to activation of receptors coupled by the croscopy study in cultured hippocampal neurons. Mol. Biol. Cell 11,
1213–1224.Gq class of G protein. J. Biol. Chem. 272, 29672–29680.
Bunin, M.A., and Wightman, R.M. (1999). Paracrine neurotransmis- Kiselyov, K., Xu, X., Mozhayeva, G., Kuo, T., Pessah, I., Mignery, G.,
sion in the CNS: involvement of 5-HT. Trends Neurosci. 22, 377–382. Zhu, X., Birnbaumer, L., and Muallem, S. (1998). Functional interac-
tion between InsP3 receptors and store-operated Htrp3 channels.Burack, M.A., Silverman, M.A., and Banker, G. (2000). The role of
Nature 396, 478–482.selective transport in neuronal protein sorting. Neuron 26, 465–472.
Kiselyov, K.I., Shin, D.M., Wang, Y., Pessah, I.N., Allen, P.D., andCaterina, M.J., and Julius, D. (1999). Sense and specificity: a molecu-
Muallem, S. (2000). Gating of store-operated channels by conforma-lar identity for nociceptors. Curr. Opin. Neurobiol. 9, 525–530.
tional coupling to ryanodine receptors. Mol. Cell 6, 421–431.Chang, A.S., Chang, S.M., Garcia, R.L., and Schilling, W.P. (1997).
Li, H.S., Xu, X.Z., and Montell, C. (1999). Activation of a TRPC3-Concomitant and hormonally regulated expression of trp genes in
dependent cation current through the neurotrophin BDNF. Neuronbovine aortic endothelial cells. FEBS Lett. 415, 335–340.
24, 261–273.Chyb, S., Raghu, P., and Hardie, R.C. (1999). Polyunsaturated fatty
Liman, E.R., Corey, D.P., and Dulac, C. (1999). TRP2: a candidateacids activate the Drosophila light-sensitive channels TRP and
transduction channel for mammalian pheromone sensory signaling.TRPL. Nature 397, 255–259.
Proc. Natl. Acad. Sci. USA 96, 5791–5796.Congar, P., Leinekugel, X., Ben-Ari, Y., and Crepel, V. (1997). A long-
lasting calcium-activated nonselective cationic current is generated Linden, D.J., Smeyne, M., and Connor, J.A. (1994). Trans-ACPD, a
by synaptic stimulation or exogenous activation of group I metabo- metabotropic receptor agonist, produces calcium mobilization and
tropic glutamate receptors in CA1 pyramidal neurons. J. Neurosci. an inward current in cultured cerebellar Purkinje neurons. J. Neuro-
17, 5366–5379. physiol. 71, 1992–1998.
Cordero-Erausquin, M., Marubio, L.M., Klink, R., and Changeux, J.P. Lintschinger, B., Balzer-Geldsetzer, M., Baskaran, T., Graier, W.F.,
(2000). Nicotinic receptor function: new perspectives from knockout Romanin, C., Zhu, M.X., and Groschner, K. (2000). Coassembly of
mice. Trends Pharmacol. Sci. 21, 211–217. trp1 and trp3 proteins generates diacylglycerol- and Ca21-sensitive
cation channels. J. Biol. Chem. 275, 27799–27805.Craig, A.M. (1998). Activity and synaptic receptor targeting: the long
view. Neuron 21, 459–462. Liu, X., Wang, W., Singh, B.B., Lockwich, T., Jadlowiec, J., O’Con-
nell, B., Wellner, R., Zhu, M.X., and Ambudkar, I.S. (2000). Trp1, aDrake, C.T., Bausch, S.B., Milner, T.A., and Chavkin, C. (1997). GIRK1
candidate protein for the store-operated Ca21 influx mechanism inimmunoreactivity is present predominantly in dendrites, dendritic
salivary gland cells. J. Biol. Chem. 275, 3403–3411.spines, and somata in the CA1 region of the hippocampus. Proc.
Natl. Acad. Sci. USA 94, 1007–1012. Lorenz, E., Alekseev, A.E., Krapivinsky, G.B., Carrasco, A.J., Clap-
ham, D.E., and Terzic, A. (1998). Evidence for direct physical associ-Garcia, R.L., and Schilling, W.P. (1997). Differential expression of
ation between a K1 channel (Kir6.2) and an ATP-binding cassettemammalian TRP homologs across tissues and cell lines. Biochem.
protein (SUR1) which affects cellular distribution and kinetic behav-Biophys. Res. Commun. 239, 279–283.
ior of an ATP-sensitive K1 channel. Mol. Cell. Biol. 18, 1652–1659.Gillo, B., Chorna, I., Cohen, H., Cook, B., Manistersky, I., Chorev,
Lotshaw, D.P., and Sheehan, K.A. (1999). Divalent cation permeabil-M., Arnon, A., Pollock, J.A., Selinger, Z., and Minke, B. (1996). Coex-
ity and blockade of Ca21-permeant non-selective cation channelspression of Drosophila TRP and TRP-like proteins in Xenopus oo-
in rat adrenal zona glomerulosa cells. J. Physiol. Lond. 514, 397–411.cytes reconstitutes capacitative Ca21 entry. Proc. Natl. Acad. Sci.
USA 93, 14146–14151. Medina, I., Filippova, N., Bakhramov, A., and Bregestovski, P. (1996).
Calcium-induced inactivation of NMDA receptor-channels evolvesGroschner, K., Hingel, S., Lintschinger, B., Balzer, M., Romanin,
A TRPC Channel Complex in Brain
655
independently of run-down in cultured rat brain neurones. J. Physiol. T., and Schultz, G. (2000). Receptor-mediated regulation of the non-
selective cation channels TRPC4 and TRPC5. J. Biol. Chem. 275,Lond. 495, 411–427.
17517–17526.Michaelis, E.K. (1998). Molecular biology of glutamate receptors in
Tang, Y., Tang, J., Chen, Z., Trost, C., Flockerzi, V., Li, M., Ramesh,the central nervous system and their role in excitotoxicity, oxidative
V., and Zhu, M.X. (2000). Association of Mammalian Trp4 and Phos-stress and aging. Prog. Neurobiol. 54, 369–415.
pholipase C Isozymes with a PDZ Domain-containing Protein.Mizuno, N., Kitayama, S., Saishin, Y., Shimada, S., Morita, K., Mitsu-
NHERF. J. Biol. Chem. 275, 37559–37564.hata, C., Kurihara, H., and Dohi, T. (1999). Molecular cloning and
Temburni, M.K., Blitzblau, R.C., and Jacob, M.H. (2000). Receptorcharacterization of rat trp homologs from brain. Brain Res. Mol.
targeting and heterogeneity at interneuronal nicotinic cholinergicBrain Res. 64, 41–51.
synapses in vivo. J. Physiol. Lond. 525, 21–29.Montell, C. (1999). Visual transduction in Drosophila. Annu. Rev.
Unwin, N. (1993). Neurotransmitter action: opening of ligand-gatedCell. Dev. Biol. 15, 231–268.
ion channels. Cell 72 (suppl.), 31–41.Mori, Y., Takada, N., Okada, T., Wakamori, M., Imoto, K., Wanifuchi,
Vaca, L., Sinkins, W.G., Hu, Y., Kunze, D.L., and Schilling, W.P.H., Oka, H., Oba, A., Ikenaka, K., and Kurosaki, T. (1998). Differential
(1994). Activation of recombinant trp by thapsigargin in Sf9 insectdistribution of TRP Ca21 channel isoforms in mouse brain. Neurore-
cells. Am. J. Physiol. 267, C1501–1505.port 9, 507–515.
Vannier, B., Peyton, M., Boulay, G., Brown, D., Qin, N., Jiang, M.,Niemeyer, B.A., Suzuki, E., Scott, K., Jalink, K., and Zuker, C.S.
Zhu, X., and Birnbaumer, L. (1999). Mouse trp2, the homolog of(1996). The Drosophila light-activated conductance is composed of
the human trpc2 pseudogene, encodes mTrp2, a store depletion-the two channels TRP and TRPL. Cell 85, 651–659.
activated capacitative Ca21 entry channel. Proc. Natl. Acad. Sci.Okada, T., Shimizu, S., Wakamori, M., Maeda, A., Kurosaki, T., Ta-
USA 96, 2060–2064.kada, N., Imoto, K., and Mori, Y. (1998). Molecular cloning and func-
Vennekens, R., Hoenderop, J.G., Prenen, J., Stuiver, M., Willems,tional characterization of a novel receptor-activated TRP Ca21 chan-
P.H., Droogmans, G., Nilius, B., and Bindels, R.J. (2000). Permeationnel from mouse brain. J. Biol. Chem. 273, 10279–10287.
and gating properties of the novel epithelial Ca21 channel. J. Biol.Okada, T., Inoue, R., Yamazaki, K., Maeda, A., Kurosaki, T., Yama-
Chem. 275, 3963–3969.kuni, T., Tanaka, I., Shimizu, S., Ikenaka, K., Imoto, K., and Mori, Y.
Wes, P.D., Chevesich, J., Jeromin, A., Rosenberg, C., Stetten, G.,(1999). Molecular and functional characterization of a novel mouse
and Montell, C. (1995). TRPC1, a human homolog of a Drosophilatransient receptor potential protein homolog TRP7. Ca21-permeable
store-operated channel. Proc. Natl. Acad. Sci. USA 92, 9652–9656.cation channel that is constitutively activated and enhanced by
stimulation of G protein-coupled receptor. J. Biol. Chem. 274, Wisden, W., and Seeburg, P.H. (1993). Mammalian ionotropic gluta-
27359–27370. mate receptors. Curr. Opin. Neurobiol. 3, 291–298.
Ottersen, O.P., Chaudhry, F.A., Danbolt, N.C., Laake, J.H., Nagelhus, Xu, X.Z., Chien, F., Butler, A., Salkoff, L., and Montell, C. (2000).
E.A., Storm-Mathisen, J., and Torp, R. (1997). Molecular organization TRPgamma, a Drosophila TRP-related subunit, forms a regulated
of cerebellar glutamate synapses. Prog. Brain Res. 114, 97–107. cation channel with TRPL. Neuron 26, 647–657.
Parekh, A.B., Fleig, A., and Penner, R. (1997). The store-operated Xu, X.Z., Li, H.S., Guggino, W.B., and Montell, C. (1997). Coassembly
calcium current ICRAC: nonlinear activation by InsP3 and dissociation of TRP and TRPL produces a distinct store-operated conductance.
from calcium release. Cell 89, 973–980. Cell 89, 1155–1164.
Zhu, X., Chu, P.B., Peyton, M., and Birnbaumer, L. (1995). MolecularPartridge, L.D., Muller, T.H., and Swandulla, D. (1994). Calcium-
activated non-selective channels in the nervous system. Brain Res. cloning of a widely expressed human homolog for the Drosophila
trp gene. FEBS Lett. 373, 193–198.Brain Res. Rev. 19, 319–325.
Zhu, X., Jiang, M., Peyton, M., Boulay, G., Hurst, R., Stefani, E., andPeralta, E.G., Ashkenazi, A., Winslow, J.W., Ramachandran, J., and
Birnbaumer, L. (1996). trp, a novel mammalian gene family essentialCapon, D.J. (1988). Differential regulation of PI hydrolysis and ade-
for agonist-activated capacitative Ca21 entry. Cell 85, 661–671.nylyl cyclase by muscarinic receptor subtypes. Nature 334, 434–437.
Zitt, C., Zobel, A., Obukhov, A.G., Harteneck, C., Kalkbrenner, F.,Petersen, C.C., Berridge, M.J., Borgese, M.F., and Bennett, D.L.
Luckhoff, A., and Schultz, G. (1996). Cloning and functional expres-(1995). Putative capacitative calcium entry channels: expression of
sion of a human Ca21-permeable cation channel activated by cal-Drosophila trp and evidence for the existence of vertebrate homo-
cium store depletion. Neuron 16, 1189–1196.logs. Biochem. J. 311, 41–44.
Zitt, C., Obukhov, A.G., Strubing, C., Zobel, A., Kalkbrenner, F.,Philipp, S., Cavalie, A., Freichel, M., Wissenbach, U., Zimmer, S.,
Luckhoff, A., and Schultz, G. (1997). Expression of TRPC3 in ChineseTrost, C., Marquart, A., Murakami, M., and Flockerzi, V. (1996). A
hamster ovary cells results in calcium-activated cation currents notmammalian capacitative calcium entry channel homologous to Dro-
related to store depletion. J. Cell. Biol. 138, 1333–1341.sophila TRP and TRPL. EMBO J. 15, 6166–6171.
Zuker, C.S. (1996). The biology of vision of Drosophila. Proc. Natl.Philipp, S., Hambrecht, J., Braslavski, L., Schroth, G., Freichel, M.,
Acad. Sci. USA 93, 571–576.Murakami, M., Cavalie, A., and Flockerzi, V. (1998). A novel capacita-
tive calcium entry channel expressed in excitable cells. EMBO J.
17, 4274–4282.
Philipp, S., Trost, C., Warnat, J., Rautmann, J., Himmerkus, N.,
Schroth, G., Kretz, O., Nastainczyk, W., Cavalie, A., Hoth, M., and
Flockerzi, V. (2000). TRP4 (CCE1) protein is part of native calcium
release-activated Ca21-like channels in adrenal cells. J. Biol. Chem.
275, 23965–23972.
Preuss, K.D., Noller, J.K., Krause, E., Gobel, A., and Schulz, I. (1997).
Expression and characterization of a trpl homolog from rat. Bio-
chem. Biophys. Res. Commun. 240, 167–172.
Raghu, P., Colley, N.J., Webel, R., James, T., Hasan, G., Danin, M.,
Selinger, Z., and Hardie, R.C. (2000). Normal phototransduction in
Drosophila photoreceptors lacking an InsP3 receptor gene. Mol. Cell.
Neurosci. 15, 429–445.
Reuss, H., Mojet, M.H., Chyb, S., and Hardie, R.C. (1997). In vivo
analysis of the Drosophila light-sensitive channels, TRP and TRPL.
Neuron 19, 1249–1259.
Schaefer, M., Plant, T.D., Obukhov, A.G., Hofmann, T., Gudermann,
